In this paper, direct torque control technique is developed for Induction Motor. Here the power converter switches are controlled by the load requirement. Hence compared to vector control, direct torque control (DTC) offers numerous advantages. This technique is also implemented for multilevel inverters. However, the DTC technique for the multi-level matrix converters is not found much in literature. Here DTC method for a multilevel matrix converter with unity input power factor is proposed. The performance of the proposed control method is analyzed based on simulations.
INTRODUCTION
The Direct Torque Control (DTC) is a high-dynamic performance variable speed drive (VSD) control technique for induction motors (IM) developed in the last few decades as mentioned by Takahashi, I. and Noguchi (1986) and Casadei et al (2002) . In the DTC technique, the power converter switches are triggered according to the load needs. The difference between the traditional vector control and the DTC is that the DTC has no fixed switching pattern hence its response is extremely fast for load changes. In DTC, the motor torque and flux are the variables that are directly controlled and hence, the name Direct Torque Control. In spite of its high dynamic response, sensorless operation, non-requirement of coordinate transformation, and robustness, DTC has some disadvantages like difficulty in controlling the torque and the flux at low speeds, and higher current and torque ripples, which result in higher machine losses and noise. To retain the advantages and eliminate the problems of DTC, a hybrid method SVM-DTC was proposed Casadei et al. (2000) . Marcel implemented DTC for reducing ripple in Induction motor. Suresh (2015) has also implemented asymmetric multilevel inverter for power quality improvement.
DTC methods were also proposed for the multi-level inverters (MLI) by Escalante et al (2002) . The problem of neutral current balancing in the MLI was addressed with an additional voltage hysteresis comparator by Larijani et al. (2010) . The DTC procedure for the CMC drive along with the input current control was developed by Matteini (2001) . Later, the MIN-MID-MAX technique to divide the input voltage path into 12 sectors for reducing the torque ripple was proposed by Venkatesh K., and Reddy (2012) .
The DTC method developed in this paper for a Direct Three-Level Matrix Converter (DTMC) uses the input phase voltage vectors (short vectors) and the input line voltage vectors (long vectors). In the proposed algorithm, the large vectors are applied during torque transition states whereas the short vectors are applied during the steady state conditions. This results in the reduction of torque ripple. However, the short vector causes serious problem of fluctuations in the voltage at the input filter capacitance. Hence, an output voltage is obtained from the DTMC that is asymmetric and has a non-zero average value. In this paper, a solution to minimize these fluctuations is presented. An additional voltage hysteresis band is used for reducing the voltage deviation at the neutral point due to the application of the short vector. The performance of the DTC scheme for the DTMC is investigated with MATLAB based simulations over a range of viable speeds and torques.
DIRECT TORQUE CONTROL OF INDUCTION MACHINE WITH POWER CONVERTERS
The standard electromagnetic torque equation for an Induction motor is expressed by Equation (1) which shows that the electromagnetic torque is affected by changes in the stator flux ψ s , the rotor flux ψ r , and θ sr which is the angle between ψ s andψ r . T e = 3 2 P ψ s ψ r sin θ sr (1)
Due to fast variation of the stator flux compared to that of the rotor flux, the stator flux leads the rotor flux. Over a small period of time, the rotor flux is assumed to have a slower rotation compared to the stator flux. Hence application of appropriate space vector (voltage vector) to a power converter, changes the stator flux quickly. The angle between the flux vectors θ sr also increase, and cause an increase in the electromagnetic torque T e . In other words, the variation of the stator voltage affects both ψ s andθ sr . This principle is used in the DTC to achieve the desired torque response and correct the flux trajectory of the IM.
Based on input voltages, the line currents and the present switch position, the estimator model calculates the actual flux, torque and speed of the motor. Bose B.K (2004) and Beerten et al. (2009) also have discussed the errors in the flux and the torque fed to the two-level flux comparator and the three-level torque comparator respectively and these are as shown in Figures 1(a) and 1(b). In the classical DTC, to reduce the switching frequency and the torque ripple, the three-level hysteresis band is also used. The stator flux locus is forced to follow a circular path by limiting the magnitude of its error to within the two-level hysteresis band. Practically the torque in this case does not remain constant due to the losses in the machine, but still a zero voltage vector is applied under such condition in order to reduce the switching frequency and to minimize the torque ripple. Figure 2 shows the space vectors for the MLI. Table 1 gives the extended OST of the MLI for the DTMC. 
In order to reduce the torque ripple, the short vectors of the MLI are also used in addition to the large vectors. Thus, the DTC scheme is modified to have a new torque hysteresis comparator that will provide five different levels instead of three levels, to distinguish between the small and the large positive and negative torque errors, as shown in Figure 3 . 
MODIFIED DTC SCHEME FOR THE CMC
The DTC scheme for the CMC as shown in Figure 4a also uses the flux and the torque as the reference quantities that are controlled by selecting the appropriate output voltage vectors. An appropriate input current vector is also selected to control the input current in CMC. Hence, the choice of the switching configuration for the OST is made on a different basis as described by Matteini, M (2001) and Ortega, C et al (2008) . Their modified OST for the matrix converter with current control is presented in Table 2 . The modified CMC presented as Direct Three-Level Matrix Converter for reduction in torque ripple is shown in Figure 4b . 
DIRECT SPACE VECTORS OF THE DTMC
The control method that is proposed relies on the space vector representation of the DTMC switching configurations. The direct space vectors of the DTMC can be classified as i) Rotating space vector consisting of (a) circular rotating space vectors (6) 
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Stationary (or) pulsating space vectors consisting of (a) long vectors (line vectors 18) and short vectors (phase vectors 18). This control method makes use of the stationary space vectors (long and short) configurations only. Figure 5 (a) and (b) and Table 3 show the space vector distribution of the stationary vectors and the zero vectors. Refer Appendix 1 for Table 3 . The 18 long vectors are numbered as ±1, ±2, ±3, ±4, ±5, ±6, ±7, ±8 and ±9. Similarly, the 18 short vectors are numbered as ±10, ±11, ±12, ±13, ±14,±15, ±16, ±17 and ±18.
DIRECT TORQUE CONTROL OF AN INDUCTION MACHINE USING THE DTMC
The classical DTC scheme of the MLI is used as the basis for the DTMC DTC scheme. Once the optimum vector to be applied to the IM is selected from Table 1 , it is only a matter of determining the corresponding DTMC switching configuration. If the selected MLI vector is a long vector V L , then the equivalent long vector of the DTMC is selected from Table 2. Table 3 (Appendix1) shows that the long vectors of the DTMC do not contribute to the neutral current and this allows the use of the same procedure of the CMC for selecting the equivalent DTMC long vector.
If the selected MLI vector is a short vector V S , then for selecting the equivalent short vector for the DTMC, a modified procedure is adopted and is as explained in the next section.
Modified Optimal Switching Table for the Short Vectors V S
The short vectors of the DTMC contribute to neutral current that creates asymmetric voltages at the input filter capacitance with an average value different from zero. Hence, an additional voltage hysteresis comparator for reducing the voltage deviation at the neutral point is used.
Neutral current balancing with the voltage hysteresis comparator
One of the problems in the use of the DTMC is the input filter capacitor voltage imbalance. To understand this issue, we have to study the effect of each type of short voltage vectors on the deviation of neutral point voltage V N and current I N . Let us analyze the deviation of V N due to the two short vectors, +10(ann) and -11(nbb). As illustrated in Figure 5 , the sign of the neutral point current (I N ) determines the sign of the neutral point voltage deviation (Δv) given by Equation (2).
It is observed from Figure 6 that every short vector V S has another short vector V S having the same direction of the voltage but opposite direction of the current.
This provides us with the possibility of reducing the voltage imbalance at the neutral point through the application of this vector pair. To keep the deviation of then neutral point voltage Δv within a specified limit (-V 0 , +V 0 ), a two-level voltage hysteresis controller is defined, as shown in Figure 7 . For the short vectors V S , the appropriate DTMC vectors are selected from the OST given in It can be concluded that once the classical DTC scheme of the MLI selects the voltage vectors to be applied to the IM, it is only a matter of selecting the corresponding DTMC vector. When V L is selected, Table 3 (Appendix 1) is used to obtain the equivalent DTMC vector. Similarly, when V S is selected, Table 4 is used to obtain the equivalent DTMC vector. Figure 8 shows the block diagram of the proposed DTC scheme for the DTMC. The estimators shown in Figure 8 require the knowledge of the input and the output voltages and currents. However, only the input voltages and the output currents are measured in each cycle period, because the other quantities can be calculated from the actual switching configuration of the DTMC.
It is well known that we can express the electromagnetic torque in Park's frame with the stator and rotor currents given in Equation (3). T e = 3 2 L m (i ds i qr -i qs i dr )
(3)
Since the frequency of the rotor current is very lower than the stator current, it can be concluded that the dynamics of the torque is directly affected by the dynamics of the stator current and vice-versa. Hence, the harmonic content in the stator current can be taken as a measure of the ripple content in the torque of the IM Figure 8 shows the simulation results of the DTMC connected to a 3-phase, 400 V, 50 Hz, 1430 rpm, 4 KW induction motor. The reference speed of the IM is increased from zero to its rated value and is operated under no-load till 0.6 s. From 0.6 s onwards the IM is operated with a load of 7 N-m. At 1s the reference speed is slowly decreased and is set to 54% of its rated speed, as shown in Figure 9 (a). Figure 9 (c) indicates the variation of current in the IM. It can be seen from Figure 9 (d) that the input power factor is controlled under all dynamic and steady state conditions for the proposed DTC technique. Figure 9 (b) illustrates the variation of the electromagnetic torque of the IM for load disturbances and set point variations. Figure 9 (e) shows the capacitor voltage deviation in the DTMC-DTC scheme when the IM is operated under load disturbances and set point variations. Figure 10 shows the variations in the stator flux and the rotor flux magnitudes for the DTMC-DTC scheme at a sampling frequency of 2.5 kHz.
SIMULATION
The analysis has shown that the proposed control scheme can provide good performance for the IM at unity input power factor. The input line current can be significantly distorted if the input power factor is not closer to unity and the line currents also get distorted even if the sampling frequency is not sufficiently high. The torque ripple of a machine T ripple is given by (T max -T min )/ T Avg . However, an alternative method to find the ripple content of the torque is to examine the harmonic content of the machine's input currents. It can be seen from Figures 11 (a) and 11(b) that the harmonic spectrum has a higher magnitude around the average switching frequency of 2.5 kHz for both the CMC-DTC and DTMC-DTC switching scheme. In both the cases, the lower order harmonics are less than 5% which is well within the acceptable limits. When comparing the magnitude of the lower order harmonics it can be seen from Figure 12 that the current pulsations and magnitude of the 5 th and 7 th harmonics are reduced considerably in DTMC-DTC as compared to the CMC-DTC. Hence, there is a considerable reduction in the torque pulsations in the DTMC-DTC. Figure 13 shows the dynamic response for a step command in torque for both the CMC-DTC and the DTMC-DTC. In both the cases, the response of the system is found to be identical. As expected from the simulation, the performance of the drive system based on the DTMC-DTC technique is satisfactory, showing an acceptable level of torque and current ripple. In addition, the dynamic response of the system is not affected in the DTC scheme for the DTMC.
CONCLUSION
This paper presented the modified DTC to deliver fast and superior torque response using the DTMC. An optimized switching table (OST) is formulated considering the effects of the load and the velocity of the motor on the torque changes. Moreover, the selection of vectors is based on having the least torque ripple. A closedloop control strategy is presented for regulating the voltage deviations of the capacitors and restricting them to specified limits along with the input power factor control. The conclusions drawn from this work are that the simulation results for the proposed technique fulfill the set objectives, even in the presence of a pulsating torque. The results obtained demonstrate that the torque ripple is substantially reduced in the DTMC-DTC scheme as compared to the CMC-DTC scheme. 
